Sleep is regulated by two mechanisms: the homeostatic process and the circadian clock. Light affects sleep and alertness by entraining the circadian clock, and acutely inducing sleep/alertness, in a manner mediated by intrinsically photosensitive retinal ganglion cells. Because intrinsically photosensitive retinal ganglion cells are believed to be minimally sensitive to red light, which is widely used for illumination to reduce the photic disturbance to nocturnal animals during the dark phase. However, the appropriate intensity of the red light is unknown. In the present study, we recorded electroencephalograms and electromyograms of freely moving mice to investigate the effects of red light emitted by light-emitting diodes at different intensities and for different durations on the sleep-wake behavior of mice. White light was used as a control. Unexpectedly, red light exerted potent sleep-inducing effects and changed the sleep architecture in terms of the duration and number of sleep episodes, the stage transition, and the EEG power density when the intensity was 420 lx. Subsequently, we lowered the light intensity and demonstrated that red light at or below 10 lx did not affect sleep-wake behavior. White light markedly induced sleep and disrupted sleep architecture even at an intensity as low as 10 lx. Our findings highlight the importance of limiting the intensity of red light (⩽10 lx) to avoid optical influence in nocturnal behavioral experiments, particularly in the field of sleep and circadian research.
INTRODUCTION
Homeostatic processes and circadian rhythms have been reported to be key mechanisms in the sleep-wake regulation of mammals 1, 2 . Prolonged wakefulness may enhance the homeostatic sleep tendency, whereas the circadian rhythm controls the timing of sleep across the light and dark cycle 3 .
Light is the most potent cue in entraining the circadian rhythm 4 . In nocturnal animals, the effects of light have been studied intensively in the context of circadian biology 5 . Therefore, light can be used for image-forming vision, which is crucial for sighted animals to detect and distinguish surrounding objects, as well as for non-image-forming processes such as the entrainment of the circadian rhythm 6 , the alertness in diurnal animals and humans 7 and the acute induction of sleep in nocturnal animals [8] [9] [10] .
Melanopsin signaling is thought to be critical in the influence of light on sleep; intrinsically photosensitive retinal ganglion cells (ipRGCs) convey signals to the brain [11] [12] [13] . The ipRGCs expressing melanopsin are maximally sensitive to blue light and minimally sensitive to red light [14] [15] [16] . Owing to the wavelength selectivity of melanopsin within the retina, blue wavelength light easily activates the ipRGCs, and the signals are transduced to the brain, whereas red wavelength light is relatively difficult to process. Therefore, nocturnal behavior experiments are usually performed in environments with red light to avoid the effects of light.
When experiments are carried out during the dark phase, red illumination is widely used for drug administration or other manipulations. Because there are no accurate rules or recommendations indicating the most appropriate intensity of red light for use in experiments, different laboratories often generate data with large variations, which might be attributed to the different intensities of red light that were applied. Thus, it is imperative to explore the appropriate intensity of red light that has minimal effects on sleep or alertness but offers sufficient illumination for experimenters to see their surroundings during the dark phase.
Light-emitting diode (LED) lights are commonly used and have the highest efficacy among all current optical sources 17 ; therefore, we used LEDs as a light source. Here, we found that red light altered the amount and the architecture of sleep and wakefulness in mice at intensities of 20 lx or higher during the dark period. When the intensity of red light was lowered to 10 lx, there was no effect on the amount and architecture of non-rapid eye movement (non-REM, NREM) sleep and REM sleep in the dark phase.
MATERIALS AND METHODS

Animals
Male SPF C57BL/6J mice at an age of 8-10 weeks were obtained from the Laboratory Animal Center, Chinese Academy of Sciences (Shanghai, China). The mice were housed in a soundproofed and insulated recording room at an ambient temperature of 22 ± 0.5°C, with a relative humidity of 60 ± 2%. A 12-h light/dark cycle (white lights on at 07:00, illumination intensity≈100 lx, before photic experiments) was automatically controlled. Food and water were available ad libitum. Experimental protocols were approved by the Medical Experimental Animal Administrative Committee of Shanghai, in accordance with the Guidelines of the NIH in the United States regarding the care and use of animals for experimental procedures. Every effort was made to minimize the number of animals for experiments and any pain or discomfort experienced by the animals. Protocol Experiment 1. To assess the effects of short exposures of white and red light on sleep in the dark phase, mice from each group were exposed to a 1 h/1 h light/dark (L/D) cycle from ZT12-22 in an Values are means ± SEM (continuous darkness n = 7; 100 lx, n = 9; 30 lx, n = 5-7; 20 lx, n = 5, 6). *Po0.05, **Po0.01 compared with continuous darkness, assessed via one-way ANOVA followed by a Bonferroni test.
Red light above 10 lx affects sleep Z Zhang et al environment of white and red light with the same intensity of 100 lx (n = 9), 30 lx (n = 5-7), 20 lx (n = 5, 6) or 10 lx (n = 6, 7). Then, mice were exposed to a 12 h/12 h L (100 lx)/D cycle; the subsequent 24 h were recorded. Moreover, darkness exposure in the entire dark phase was used as a control.
Experiment 2.
To examine whether long exposures to white and red light at 10 lx would affect sleep and wakefulness, mice (n = 5-8) were exposed to 100 lx white light for 12 h, followed by white light, red light at an intensity of 10 lx or darkness for 12 h.
Surgery, sleep data acquisition and analysis Mice were implanted with electrodes for EEG and electromyogram (EMG) recordings under chloral hydrate anesthesia at 360 mg kg À1 (i. p.). The implant 18 , consisting of two stainless steel screws (1 mm in diameter) as EEG electrodes, was inserted through the skull (+1.0 mm anteroposterior; − 1.5 mm mediolateral from bregma or lambda) according to the mouse brain atlas 19 . Two insulated stainless steel wires, used as the EMG electrodes, were bilaterally placed into both trapezius muscles. The electrodes were attached to a mini-connector and fixed to the skull with dental cement. After a 10-day recovery period, the mice were individually housed in transparent barrels and habituated to the recording cable for 3-4 days before recording. The simultaneous recordings for EEG and EMG were carried out with a slip ring that let the mice move freely. The recording started at 07:00, that is, the beginning of the light period.
As previously described 18, [20] [21] [22] , cortical signals were amplified and filtered (0.5-30 Hz for EEG, 20-200 Hz for EMG), then digitized at a sampling rate of 128 Hz and recorded with SleepSign software (Kissei Comtec, Nagano, Japan). The sleep-wake states were automatically classified in 4-s periods as wakefulness, NREM sleep or REM sleep with the SleepSign software, on the basis of published standard criteria 18, [20] [21] [22] [23] [24] . The automatically defined wake or sleep stages were then checked visually and corrected if necessary.
EEG power spectra were calculated using fast Fourier transform for the frequency range 0-25 Hz, with a resolution of 0.25 Hz 22 . The power of each 0.25-Hz bin was first averaged across the sleep stages individually and then normalized as a group by calculation of the percentage of each bin from the total power (0-24.75 Hz) of the individual animal 25 .
Lighting design
Separate white and red, dimmable LED lamps (LET-50068 3 W, QianHan Lighting, Shanghai, China) placed above each individual animal cage were used for all light experiments. The spectra of the white light ( Figure 1a ) and red light ( Figure 1b ) were detected with a spectroradiometer (CS2000, Konica-Minolta, Tokyo, Japan). The spectra of the LED lamps met standards similar to those reported in a previous study 26 . Silicon controlled dimming (model 280, DELIXI, Changsha, Hunan, China) was used to control the light intensities of the LED lamps. The intensity of the light was determined at the bottom center of each barrel by using a lightmeter (HT-1300, HCJYET, Guangzhou, Guangdong, China).
Statistical analysis
All data are expressed as means ± SEM. Comparisons of sleep amounts, as well as number of sleep-wake events, duration and transition of sleep-wake events among the groups exposed to white light, red light and darkness, were performed using one-way analysis of variance (ANOVA) followed by a Bonferroni post hoc test. Comparisons of time course changes in the amounts of sleep among the groups exposed to white light, red light and darkness were assessed using two-way ANOVA followed by a Bonferroni post hoc test. Comparisons of the EEG power density between groups exposed to white or red light and darkness were evaluated using the non-paired, two-tailed Student's t-test. Comparisons of time course changes in the amounts of sleep between the day following 1 h/1 h L/D white or red light exposure and the baseline were assessed with two-way ANOVA followed by a (Figure 3a and 3b) . Acute white light but not red light at an intensity of 10 lx disrupted the sleep-wake architecture and EEG power density during the dark phase Next, we determined the episode number, mean duration and transition number of NREM sleep, REM sleep and wakefulness in mice exposed to white or red light at an intensity of 10 lx or darkness. Acute white light at 10 lx, as compared with darkness/red light at 10 lx, decreased the mean duration of wakefulness and, as compared with red light at 10 lx, increased the stage transitions (from NREM sleep to wakefulness, from wakefulness to NREM sleep) and the episode number of wakefulness and NREM sleep (Figure 4a and 4b) . Moreover, acute 1 h/1 h L/D exposure of white light at 10 lx decreased the power activity of NREM sleep in the frequency range of 0-1.5 Hz, with an increase in the frequencies of 8.75-24.75 Hz, as compared with continuous darkness (Figure 4c ). However, there were no differences in the sleep-wake architecture and power density between red light at 10 lx and darkness. These results indicate that acute red light at 10 lx does not affect sleep-wake behavior during the dark phase.
Acute white light but not red light at an intensity of 10 lx disturbed sleep-wake profiles on the following day To assess the after effects of acute white and red light at 10 lx, we examined the sleep-wake profile on the second day after 1 h/1 h L/D exposure. We found that white light at 10 lx caused an increase in both NREM and REM sleep for 2 h when the mice were moved to the dark phase after cessation of 1 h/1 h L/D exposure (Figure 5a and 5b). However, red light at 10 lx did not affect the sleep-wake profiles on the second day, as compared with the control group (Figure 5c and 5d). These data indicated that 1 h/1 h L/D exposure of white light but not red light at 10 lx disturbed sleep-wake profiles on the second day.
Red light exposure at an intensity of 10 lx during the entire dark phase did not affect the amount of NREM or REM sleep or the sleep-wake architecture but altered EEG power density To investigate the effects of white and red light at 10 lx during the entire dark period on sleep and wakefulness, we examined the sleepwake profiles of the mice exposed to 12-h white and red light at an intensity of 10 lx. Darkness exposure during the entire dark phase served as the control. We found that 10 lx white light exposure during the entire dark period significantly increased NREM and REM sleep for 2 h and that there was an increased tendency toward sleep in the subsequent hour, but this effect was not statistically significant when compared with the entire dark group (Figure 6a ). When the sleep amount during the 3 h after light exposure was calculated, the total amounts of NREM and REM sleep were also increased (Figure 6b) . Moreover, white light at 10 lx disturbed the sleep-wake architecture. White light at 10 lx increased the stage transitions (from NREM sleep to wakefulness, from wakefulness to NREM sleep, from NREM sleep to REM sleep and from REM sleep to wakefulness), the episode number for all stages, and the mean duration of REM sleep, as compared with darkness/red light at 10 lx (Figure 6c and 6d) . However, mice exposed to red light at 10 lx exhibited the same sleep-wake profiles as mice that stayed in darkness (Figure 6a and 6b) . These findings clearly indicated that dim red light does not affect the sleep amount, whereas dim white light does. Furthermore, there were no differences between the groups of 10 lx red light and darkness in terms of episode number and mean duration, and stage transition number among NREM sleep, REM sleep and wakefulness (Figure 6c (Figure 6e and 6f) . These results indicated that 12-h exposure at 10 lx of both white and red light in the entire dark period influences the EEG power density. Our findings demonstrated that white or red light at an intensity of ⩾ 20 lx has a potent sleep-inducing effect on mice. The amount of light-inducing sleep depends on both the wavelength and the intensity of the light. We provided the first evidence of the effects of red and white light at various intensities on the amount and architecture of NREM sleep and REM sleep in mice and compared the different effects of red and white light on sleep-wake behavior. The results showed that both white and red light above 10 lx induced potent NREM sleep and REM sleep during the dark period, although it has often been reported that ipRGCs are not sensitive to red wavelength light [14] [15] [16] .
Studies have shown that ipRGCs are necessary in the direct photic regulation of sleep and that the ipRGCs-dependent photosomnolence effect is related to the activation of the ventrolateral preoptic area and superior colliculus 12 . Here, we showed that red light at an intensity only at or below 10 lx did not influence NREM sleep or REM sleep, thus suggesting that red light with an intensity above 10 lx is strong enough to activate the pathway from the ipRGCs to sleep-promoting nuclei. In contrast, white light had a potent effect on sleep, although the intensity was as low as 10 lx. These results are consistent with previous findings that the acute light-induction of sleep is mediated by ipRGCs, which are minimally sensitive to red light [14] [15] [16] .
Hypnotic candidate drugs are usually administered to experimental nocturnal animals, such as mice 27 and rats 28 , during the animals' active phases, and most of the time, tested drugs are administered during the dark period. A clear view of the surroundings is necessary for experimenters to perform the manipulations. Therefore, light exposure is inevitable in most nocturnal behavioral experiments. However, light exposure may have various effects on animals and lead to desynchrony between circadian rhythms and the external environment 29 , which might result in sub-health or emotional alterations 30 . Moreover, light has profound effects on sleep through both entrainment and photosomnolence effects 31, 32 . Thus, avoiding the influence of light is crucial while performing nocturnal experiments to ensure the reproducibility and reliability of the data. According to our results, red light at 10 lx appears to be the most appropriate light condition to adopt during nocturnal behavioral experiments.
Diazepam, one of the best-known sedative-hypnotics, is often tested as a positive control drug for screening assays in laboratories. It is of great importance to maintain the reproducibility of the effect of a positive control, which directly influences the reliability of the candidate drugs. However, the sleep latency and sleep duration induced by diazepam for identical dosages within the same species vary among laboratories [33] [34] [35] . In our opinion, the difference may be due to the various intensities of red light; the intensity of red light is recommended to be 10 lx or less.
Melatonin exerts critical regulatory effects on both central and peripheral systems, such as circadian rhythms, sleep, mood, metabolism, cardiovascular and immune systems, cell proliferation and pain. Nocturnal light exposure can acutely suppress melatonin secretion by the pineal gland and may disturb the circadian rhythms and other physiological functions in melatonin-proficient animals. However, the C57BL/6 mice used for all experimental procedures in the present study are referred to as 'melatonin-deficient', thus indicating that they produce very low levels of melatonin in the pineal gland 36, 37 . Therefore, melatonin may not mediate light-induced sleep in C57BL/6 mice. Nighttime light exposure is increasingly common in modern society, and there are a variety of reasons for why so many individuals are exposed to light at night, including shift work and watching TV. Apart from that, many people sleep with a nightlight on to make it convenient to care for children or elderly household members. Thus, it is important to develop a type of nighttime light source that does not affect sleep.
Shift work may also increase the risk of developing mood disorders 38 , depression and impaired learning and memory 39 . For humans, light exposure is less harmful if most blue wavelengths are filtered out 40 , because the ipRGCs are maximally sensitive to blue light 41 . This finding is consistent with the viewpoint that the effects of nighttime light exposure on physiology and behavior are mediated by ipRGCs 4 . Our results suggest that red light at 10 lx cannot influence the amount or the architecture of sleep and alertness during a dark period because 10 lx red light might be too dim to activate ipRGCs. Therefore, red light at an intensity of 10 lx has the potential to be adopted as a healthy level of night illumination for use in places such as homes and hospitals.
CONCLUSIONS
In conclusion, red light induces potent NREM sleep and REM sleep at intensities above 10 lx in the dark phase. Our data indicate that 10 lx red light should be regarded as the appropriate illuminating condition for nocturnal sleep-wake-related behavioral experiments. Nocturnal light exposure is sometimes unavoidable during behavioral experiments taking place at night in laboratories and has become common in daily life. Our results highlight the need to limit both the wavelength and intensity of light in nocturnal sleep-wake-related behavioral experiments, and they further provide suggestions for healthy nighttime lighting for use in daily life.
